The FANCI-FANCD2 (ID) complex, mutated in the Fanconi Anemia (FA) cancer 16 predisposition syndrome, is required for the repair of replication forks stalled at DNA 17 interstrand crosslinks (ICL) and related lesions 1 . The FA pathway is activated when two 18 replication forks converge onto an ICL 2 , triggering the mono-ubiquitination of the ID 19 complex. ID mono-ubiquitination is essential for ICL repair by excision, translesion 20 synthesis and homologous recombination, but its function was hitherto unknown 1,3 . Here, 21 the 3.48 Å cryo-EM structure of mono-ubiquitinated ID (ID Ub ) bound to DNA reveals that 22 it forms a closed ring that encircles the DNA. Compared to the cryo-EM structure of the 23 non-ubiquitinated ID complex bound to ICL DNA, described here as well, mono-24 ubiquitination triggers a complete re-arrangement of the open, trough-like ID structure 25 through the ubiquitin of one protomer binding to the other protomer in a reciprocal 26 fashion. The structures, in conjunction with biochemical data, indicate the mono-27 ubiquitinated ID complex looses its preference for ICL and related branched DNA 28 structures, becoming a sliding DNA clamp that can coordinate the subsequent repair 29 reactions. Our findings also reveal how mono-ubiquitination in general can induce an 30 alternate structure with a new function. 31 32 FANCI and FANCD2 are paralogs that bind to DNA with preference for branched 33 structures including Holliday junction, overhang and replication fork DNA 4-7 . The previous 34 crystal structure of the mouse ID complex showed that it forms an open trough-like structure 35 with two basic grooves, one on each paralog 7 . A 7.8 Å crystallographic map of FANCI bound to 36 3
the human ID complex has an overall structure and FANCI-FANCD2 interface very similar to 48 the mouse ID complex 7 , with each paralog consisting of N-terminal helical repeats that form an 49 extended α−α solenoid (henceforth NTD, residues 1 to 550 of FANCI and 45 to 587 of 50 FANCD2), followed by a helical domain (HD) that reverses the direction of the solenoid, and a 51 C-terminal helical repeat domain (CTD, residues 805 to 1280 of FANCI and 929 to 1376 of 52 FANCD2) (Figs 1a and b) . The consensus reconstruction showed clear density for FANCI and 53 its bound dsDNA, and density for single-stranded DNA extending from the FANCI-bound 54 duplex, both approximately where they were seen in the mouse FANCI-Y DNA crystallographic 55 map 7 . FANCD2 had clear density for its NTD, but poor density for its CTD and what appeared 56 to be a DNA duplex bound to it (Extended Data Fig. 1b ). 3D classification indicated that the 57 FANCD2 CTD exhibited substantial conformational flexibility, its relative position moving by 58 4 up to 23 Å due to rotation within the HD domain (starting around residue 645) (Extended Data 59 Figs 1c and d). FANCI did not exhibit this flexibility, as its NTD contains a helical protrusion 60 that packs with and stabilizes the CTD and which is absent from FANCD2 7 . To better account 61 for the flexibility of FANCD2, we used multi-body refinement with RELION-3 10 . This improved 62 the solvent-corrected resolution of FANCD2 CTD and its associated dsDNA to 3.77 Å, and the 63 remainder of the complex to 3.32 Å (Extended Data Fig. 1a ; density shown in Extended Data 64 Figs 2a to c). 65 The improved maps showed continuous double-stranded DNA density extending from 66 the FANCI groove to the FANCD2 groove (Fig. 1c ). The DNA is sharply kinked near the center, 67 where the ICL would be based on the lengths of the flanking duplexes. There was no density that 68 could correspond to the 5' overhang ssDNA of the FANCD2-bound duplex. We modeled the 69 overall DNA with an 18 base pair (bp) duplex and an 8 nucleotide ssDNA bound to FANCI, and 70 a 15 bp duplex on FANCD2, and refined the model with the composite map option of 71 REFMAC5 11 (Extended Data Table 1 ). We have not modeled the ICL and its immediate 72 surroundings that include the link between the FANCI duplex and its 5' overhang ssDNA due to 73 the overall high temperature factors and limited resolution of the DNA density. In the refined 74 model, the FANCI and FANCD2-bound duplexes are at a ~33° angle. Their helical axes are non-75 collinear, being dislocated laterally by ~14 Å (Fig. 1a ). This non-collinear arrangement of the 76 two duplexes is largely unaffected by the conformational flexibility of the FANCD2 CTD, as Extended Videos 1 and 2). 80 5 FANCI binds to DNA using an extended basic groove consisting of parts of the NTD, 81 HD and CTD domains. A 4 bp portion of dsDNA distal from the ICL is bound by a semi-82 circular constriction between the HD and CTD domains, while the rest of the duplex is bound by 83 the NTD, and the ssDNA runs across the last two helical repeats of the CTD (Extended Data 84 Figs 2c and 4a). FANCD2's DNA binding activity diverged from that of FANCI, as the HD 85 portion of its semi-circular groove is acidic and is uninvolved in DNA binding, and the FANCD2 86 groove is truncated owing to the absence of the NTD-CTD link that extends the base of the 87 groove in FANCI (Extended Data Figs 4b to d). Rather, the ICL-distal portion of the DNA 88 duplex is bound by a localized basic patch on the FANCD2 CTD, largely non-overlapping with 89 the DNA-binding surfaces of FANCI. Here, an arginine side chain inserts into the minor groove 90 of the DNA, flanked by contacts to the backbone of the two DNA strands (Arg1352, Extended
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Data Figs 4b and c). The arginine minor groove insertion is associated with compression of the 92 minor groove, a common arrangement in DNA-binding proteins. 93 The ID complex can associate with replication forks independent of ICLs 12-14 , and it is 94 implicated in replication fork recovery after stalling caused by genomic stress or unstable 95 genomic loci 3, 15 . We thus also evaluated ID binding to DNA structures that can arise during 96 replication. We collected cryo-EM data with 5' flap, reversed fork-like Holliday junction (HJ), 97 and replication fork DNA. While a FANCI-bound duplex was evident in all three maps, there 98 was essentially no density for a FANCD2-bound duplex either in the consensus reconstructions 99 or in individual 3D classifications or their subsequent auto-refinement (Extended Data Figs 5 to 100 7). This suggests that FANCD2 engagement requires a translocation of the helical axes of the 101 two duplexes, because while the 5' flap, HJ and fork DNA structures have a discontinuity in the 102 6 DNA backbone, they remain stacked 16, 17 , and translocating their helical axes would impose an 103 energetic penalty. 104 Together, these data indicate that the principal dsDNA binding activity resides with 105 FANCI, with canonical dsDNA sufficing for FANCI binding. This may account for observations 106 that FANCI alone, but not FANCD2 alone accumulates at active replication forks before 107 stalling 14 . It is also consistent with the ID complex exhibiting only modest specificity for 108 branched DNA structures in biochemical assays 5,7 (dissociation constants of ~12, ~10, ~20 and 109 ~24 nM, respectively, for ICL, HJ, fork and 5' flap DNA compared to ~45 nM for dsDNA; 110 Extended Data Fig. 7f ). We presume that once FANCD2 engages in DNA binding at an ICL or a 111 related DNA structure, this would likely prevent the ID complex from laterally diffusing along 112 the DNA, stabilizing it at the lesion. 113 We next sought to investigate the function of mono-ubiquitination by determining the 114 structure of the mono-ubiquitinated ID. For this, we constructed a stably-transfected HEK-293F 115 cell line overexpressing eight subunits of the FA Core complex ubiquitin ligase (FANC A, B, C, 116 E, F, G, L, FAAP100) (Extended Data Fig. 8a ). Using the purified FA core complex with the 117 FANCT/UBE2T E2 and E1, we assayed for the ubiquitination of the ID complex in the presence 118 of ICL DNA or a variety of other DNA molecules previously shown to promote FANCD2 119 ubiquitination in a FANCI-dependent manner 18-20 (Extended Data Fig. 8b and c). We purified the 120 reaction products on size exclusion chromatography and found that the mono-ubiquitinated ID 121 complex (henceforth ID Ub ) remained bound to ICL DNA, in contrast to the non-ubiquitinated ID 122 complex that retained very little DNA under the same conditions (Extended Data Figs 8d and e). 123 We collected cryo-EM data of ID Ub bound to four different DNA molecules: ICL DNA, 5' flap 124 7 DNA, nicked DNA and canonical dsDNA. The largest data set was collected with nicked DNA, 125 as this gave the highest yield in the mono-ubiquitination reaction. The 3D auto-refinement of 126 301,058 particles led to a reconstruction extending to 3.57 Å resolution, as determined by the 127 gold-standard fourier shell correlation (FSC) procedure (Extended Data Figs 9a and b). We 128 calculated focused reconstructions with three partially overlapping masks (3.44, 3.48, and 3.48 129 Å), and using these three reconstructions with the composite map option of REFMAC5 11 , we 130 refined the structure of ID Ub bound to 28 bp of dsDNA at 3.48 Å resolution ( Fig. 2a to c; density 131 shown in Extended Data Figs 9c to e, and refinement statistics in Extended Data Table 1 ). The through the NTD-NTD interface ( Fig. 3a and b ). None of the intermolecular contacts of the non-147 ubiquitinated interface are retained (Extended Data Fig. 11a ). Some of the ID interface residues 148 are repurposed for interactions with the ubiquitin of the other paralog, with the reciprocal 149 interactions contributing ~1700 Å 2 of buried surface area ( Fig. 3c; Extended Data Fig. 11a ). 150 Other residues are repurposed for new intermolecular contacts in a smaller interface between the 151 N-terminal portion of the FANCD2 Ub NTD and the C-terminal portion of FANCI Ub CTD (~1350 152 Å 2 buried surface area; Extended Data Fig. 11a ). 153 The relative rotation of the two proteins also brings their CTD domains into contact, 154 thereby portions of the previously unstructured C-terminal extensions of FANCI and FANCD2 155 become structured in a zipper-like interaction (FANCI residues 1233 to 1246 and 1281 to 1297, 156 and FANCD2 residues 1376 to 1400; Figs 3b and b). The zipper involves the FANCI Ub α48 157 helix forming a coiled coil with α50 of the newly juxtaposed FANCD2 Ub CTD, as well as the 158 inter-digitation of the two chains to form an intermolecular β sheet, capped by a short helix in 159 FANCI Ub and a β hairpin in FANCD2 Ub (Fig. 3d) . The FANCI and FANCD2 re-structured 160 segments end just before their essential EDGE motifs 21 (residues 1300 to 1303, and 1427-1430, that results from coiling with FANCD2 Ub α50 (Fig. 3d) gives rise to a new semicircular basic 202 groove, between α46 and α48 on one side and the NTD α19b and α20 on the other, into which 203 dsDNA binds (Figs 4e and f) . This is associated with one of the two DNA bends, which redirects 204 the duplex away from clashing with the new position of FANCD2 (Figs 4e and f) . Thereafter, the 205 second bend occurs as the dsDNA is redirected by the FANCD2 CTD, which uses the localized 206 patch of α48 and α50 to bind to the duplex analogously to the ID-ICL DNA complex. However, 207 because of the new position of the FANCD2 CTD, the FANCD2 Ub -associated dsDNA coincides 208 with the location of ssDNA in the ID-ICL DNA complex, and displaces it (Fig. 4d ). Data Figs 10b and d) . This suggests either that ID Ub binds to these substrates in multiple registers 214 without a preferred location for the nick or flap, or it is just binding to the canonical dsDNA 215 arms, which are 29 bp in the nicked and 5' flap substrates and 21 bp in ICL DNA. Either case 216 implies that the ID Ub complex has lost the specificity the non-ubiquitinated ID complex has for 217 branched DNA structures. Accordingly, the dissociation constants of ID Ub for dsDNA, nicked, 5' 218 flap, ICL and fork DNA vary by less that a factor of 2, with dsDNA and nicked DNA exhibiting 219 slightly tighter K d values the rest (27, 20, 32, 33, and 30 nM, respectively, Extended Data Fig. 220 10e). 221 Our data reveal the function of ID mono-ubiquitination is to completely re-model 222 FANCI-FANCD2 association, expanding our understanding of the roles of mono-ubiquitination. 223 For the ID complex, the functional significance of this re-modeling is to convert it to a clamp 224 that could slide away from its initial location at the ICL DNA. In principle, this would allow 225 downstream nucleases and other factors to act on the ICL, with the ID Ub clamp coordinating the 226 repair reactions, serving as a processivity factor, or protecting the dsDNA. The N and C termini are labeled, except for the FANCD2 N-terminus that is obscured in this 316 view. FANCI is oriented as in Fig. 1b 
